impact the expression of this behaviour (Carvalho et al., 2016) ; however litter size 107 manipulations may contribute to altered social repertoires. 108 109 There are links between the brain regions that support social behaviour and those that 110 are altered by HFHS diet. The prefrontal cortex (PFC) matures across adolescence (Spear, 111 2000) and represents a critical period of vulnerability to diet evoked cognitive deficits (Baker 112 et al., 2017; Reichelt and Rank, 2017) . The PFC has an important role in social processing 113 (Bicks et al., 2015; Kolb, 1974) , and appropriate maturation is fundamental for the 114 development of social cognition (Kim et al., 2015) . Experimental evidence highlights that the 115 rodent homologue of the medial PFC and the hippocampus are important for social 116 behaviour, including social memory and sociability (Kogan et al., 2000; Okuyama et al., 117 2016; Rudebeck et al., 2007) . Aspects of social interaction are rewarding (Trezza et al., 118 2010) , and the increased dopamine neurotransmission and refinement of reward-associated 119 neural connections within the PFC across adolescence is proposed to invigorate this 120 behaviour. 121 122 Moreover, previous observations noted that intermittent access to a HFHS diet (Baker 123 and Reichelt, 2016) , or high fat diet (Labouesse et al., 2017) across adolescence evoked PFC 124 dysregulation, complementing research demonstrating that PFC excitation/inhibitory 125 imbalance underpins social deficits (Selimbeyoglu et al., 2017) , thus providing rationale for 126 exploring the impact of an intermittent HFHS diet on social behaviours. Restricted access to 127 palatable foods has been shown to impact on reward neurocircuitry (Bocarsly et al., 2014; 128 associations between disruption of the gut microbial community and cognitive, social and 139 emotional alterations (Desbonnet et al., 2015; Frohlich et al., 2016) . 140
141
To further the evidence that intermittent exposure to a HFHS diet during the juvenile 142 developmental phase alters cognitive control and neurotransmitter systems within the brain, 143
we examined the effects of intermittent HFHS food consumption on social interaction and 144 social memory in young rats. We highlight putative molecular pathways by examination of 145 the expression of genes associated with neuroplasticity, monoamine signalling, and 146 neuroinflammation in the PFC and hippocampus, and faecal microbiota composition to 147 explore diet-induced alterations. Spontaneous novel object recognition and odour recognition 148 memory were examined to assess HFHS diet effects on memory and olfaction. Exploratory 149 analyses through linear modelling were performed to determine associations between faecal 150 microbiota composition, behaviour and cortical gene expression. 151 152 2. Methods 153 2.1. Animals 154 7 (21°C ± 2°C; humidity 55 ± 5%) and light (12 h cycle lights on at 07:00h) controlled colony 157 room. Standard laboratory rat chow (Meat Free Rat and Mouse Diet, Specialty Feeds, 158 Western Australia; energy composition of 14 KJ/g, 23% protein, 12% fat, 65% 159 carbohydrates) and water was available ad libitum throughout the experiment. Behavioural 160 tests were performed between 08:00 and 14:00h and procedures were approved by the 161 Animal Care and Ethics Committee at RMIT University. 162 163
Diet administration 164
Rats were allocated to diet conditions: Control (chow fed, n=8) or HFHS condition 165 (n=8), or were allocated as age/weight matched sample for social memory and social 166 interaction (n=16). Body weights were standardized in all treatment groups prior to the 167 commencement of the diet (Control: 75.5 ± 2.0g; HFHS: 76.4 ± 2.0 g), and rats were handled 168 for 7 days prior to manipulations. Group-housing was used to negate social isolation stress 169 (Skelly et al., 2015) . Rats in the HFHS diet condition were provided with 2 h daily homecage 170 access (between 09:00-11:00h) to semi-pure HFHS pellets (Specialty Feeds, Western 171 
Behavioural analysis 182
A timeline of the general experimental procedures is illustrated in Figure 1A . Diet 183 administration began on P28, coinciding with definitions of adolescence in male rats (Spear, 184 2000) . Behavioural tests were conducted in a room illuminated to 30 lux, rats were assessed 185 for social interaction, social memory, social odour preference, novel object recognition and 186 odour recognition memory. All behavioural data were scored by an observer who was blind 187 to the group allocations using ODLog (version 2.7, Macropod Software, Australia Prior to social interaction testing, rats were isolated from their cage mates in individual 196 holding cages for 15 minutes. In the social interaction test, one rat from either the control or 197 HFHS diet condition rat was placed in the arena with an unfamiliar partner matched for body 198 weight (+/-10g). Test sessions were 10 min duration. To differentiate between animals, one 199 rat was marked on its back with a black odourless fabric pen marker 24 h prior to testing. 200
The two rats were placed into the test arena simultaneously so that they were facing each 201 other in opposing corners. Rats in the HFHS diet condition were tested 1 h after access to the 202 HFHS pellets "post", and 23 h after HFHS pellet access "pre", counterbalanced across days 203 and animals. Between tests the arena was cleaned with 70% ethanol to eliminate odour cues. 204
As social behaviour in rats has been shown to depend on the playfulness of its partner, 205 both animals in a sample pair were considered as one experimental unit (Trezza et al., 2010) .
Pinning and pouncing frequencies were quantified and considered the most characteristic 207 parameters of social play behaviour in rats. Social play behaviours usually occur very rapidly 208 and they are of short duration thus, individual frequency was scored. Videos were scored to 209 measure i) the total time (sec) spent in social interaction, ii) frequency of social investigation 210 behaviour (sniffing, licking, grooming), iii) frequency of social play behaviour (pinning, 211 pouncing), iv) frequency of aggressive-like behaviour (rump biting, boxing, overt physical 212 harm). 213 214 2.3.2. Social memory 215
Social memory was tested in two phases (see Fig 1D) . As HFHS rats showed differences in 216 social interaction pre HFHS food consumption, social memory testing and other behavioural 217 tests were conducted after HFHS access to ensure that any memory deficits observed were 218 not due to reduced social contact in the HFHS diet rats. Social memory tests were conducted 219 in a circular arena (dimensions: 100 cm diameter, 50 cm high) constructed from grey 220 Perspex. The arena contained two wire chambers with plastic bases (dimensions: 18 cm 221
[length] x 20 cm [width] x 22 cm [height]). The wires were interspaced 1cm apart which 222 allows the test rats to interact with the novel sample rats but not physically contact them. A 223 camera mounted above the test area recorded the tests as described above. Control and HFHS 224 diet rats were habituated to the testing apparatus 24 h prior to testing by being placed 225 individually into the arena with the empty chambers for 10 minutes. Sample rats were also 226 habituated to the individual chambers for 10 minutes 24 h prior to testing. 227
Social memory was tested in two phases. In Phase 1, rats were placed in the arena for 228 5 min with one sample rat in a chamber and the other chamber empty. Time exploring the 229 chamber containing the sample rat versus the empty chamber was considered a measure of 230 sociability (Crawley et al., 2007) . The experimental rat was then removed and placed into individual holding cages for a 5 min inter-trial interval (ITI) period. In Phase 2, the arena 232 contained the original sample rat (familiar) in a chamber and the previously empty chamber 233 contained a novel rat. The experimental rat was returned to the arena to explore for a 3 min 234 period. Between test phases the arena was cleaned with 70% ethanol to eliminate odour cues. 235
Videos were scored to measure the duration of time the rat spent exploring the chambers 236 during each phase. Sociability was quantified as the time spent exploring the chamber 237 containing the sample rat as opposed to the empty chamber, and social recognition memory 238 was measured as the time spent in proximity to the chamber containing the novel rat versus 239 the familiar sample rat. 240 241
Social odour preference 242
The chambers used for social recognition were filled with soiled bedding from a cage of 243 young male rats (approximately 5 weeks of age) housed in an adjacent holding room, or clean 244 bedding. Rats were allowed to freely explore the arena for 5 min and the amount of time 245 spent exploring empty chambers containing either soiled or clean bedding was recorded. 246 247
Odour memory 248
Odour memory was conducted in the square test arena (as described in 2.3.1). Identical 249 cylindrical stainless steel containers (10cm [height] x 6cm [width]) with perforated stainless 250 steel lids were filled with corncob bedding and then scented with 3 ml of peppermint or 251 almond extract (Queen, Australia) to serve as odour stimuli (see Fig 1E) . The odour memory 252 test consisted of 2 phases -sample and test. Pilot testing determined that these odours were 253 equally explored by the rats. During the sample phase two of the same scented containers 254 were placed in opposite corners of the arena. The rat was allowed to freely explore the arena 255 for 5 min. The rat was then removed from the arena and placed in a holding cage for a 5 min retention period. The arena was thoroughly cleaned with 70% ethanol and one of the scented 257 containers was replaced with an identical container filled with a novel odour. The rat was 258 then returned to the arena for a 3 min test phase. The duration of time the rat spent exploring 259 each of the odour containers during each phase was measured. 260 261
Object recognition memory 262
Object recognition ( Fig 1F) was conducted in the square test arena (as described in 2.3.1). 263
Commercial objects (e.g. plastic bottles and tin cans) were used with differing heights (16-264 24cm) and widths (7-14cm). Rats explored two identical sample objects in the arena (sample 265 phase; 5 minutes). The following day, 24 h after the sample phase, rats were tested for 266 recognition of a familiar versus a novel object (test phase; 3 mins). The duration of time the 267 rat spent exploring each object during each phase was measured. (QIIME) 1.9.1 (http://qiime.org) using the fastq-join method. Maximum allowed percent 301 differences within the overlapping region was zero. Sequences were de-multiplexed using the 302 QIIME split library protocol, keeping only sequences with Phred quality score higher than 303 20. The dataset was inspected for chimeric sequences using Pintail (Ashelford et al., 2005) .
Operational taxonomic units (OTUs) were clustered at 97% sequence identity using 305 UCLUST (Edgar, 2010 
Effect of HFHS diet on social interaction 362
To assess the effect of what and when HFHS diet consumption has upon social 363 behaviour, we tested the total social exploration time one hour prior ("pre") or one hour 364 following ("post") HFHS food access. Social interaction duration did not differ in the control 365 (normal chow fed) animals. However, HFHS diet rats spent less time engaged in social 366 interaction "pre" HFHS food access, compared to "post" HFHS food access (diet access x 367 diet group F(1,14)=5.66, P<0.05, effect of diet group "pre" F(1,14)=9.271, P<0.01, but not 368 "post" F<1, Fig 2A) . The microstructure of social behaviour was also examined. Social 369 investigation frequency was increased in the HFHS rats post-consumption (diet access x diet 370 group F(1,14) = 8.6, P<0.05; HFHS F(1,14)=21.59, P<0.001, control F<1, Fig 2B) . No 371 differences were observed in the frequency of social play behaviours ( Fig 2C) , and 372 aggressive behaviours were not observed. Together, this data suggests that for those rats on 373 the intermittent HFHS diet, social motivation is decreased the longer the period is since diet 374 consumption. 375 376
Effect of HFHS diets on social recognition memory
Mouse social behaviour has been typically examined using the 'three-chamber' social 378 approach test. We adapted this protocol for use in rats to assay whether changes in social 379 recognition memory could be altered by HFHS diet. During the social approach phase of the 380 sociability test (Fig 2D) , both control and HFHS rats preferentially explored the novel rat, 381 "sample", compared to the empty cage (F(1,14) =275.5, P<0.001), no significant between 382 group or interaction effect, Fs<1). However, HFHS rats showed impaired social recognition, 383 exploring the familiar and novel rat equally, contrasting to the strong preference of control 384 rats to explore the novel rat (chamber x diet group F(1,14) 
No effect of diet on social odour preference or odour recognition memory 390
To confirm that the lack of social recognition memory in the HFHS rats was not due 391 to a lack of olfactory sensitivity, we tested their ability to discriminate between clean and 392 soiled bedding and between two non-social odours. Control and HFHS diet rats preferentially 393 explored the chamber containing a social odour (F(1,14)=217.8, P<0.001, Fig 2F) . During 394 odour recognition testing, control and HFHS diet rats preferentially explored the novel odour 395 container, demonstrating odour recognition memory (odour x diet group F(1,14)=3.0, 396 P=0.105, Fig 2G) . Together, HFHS rats were unimpaired in odour discrimination, suggesting 397 that the social recognition deficit cannot be explained by a lack of sensitivity to social 398 olfactory cues. 399 400
Effects of HFHS diet on novel object recognition
To confirm a role in cognition, we tested HFHS diet rats on their ability to explore 402 novel compared to previously explored objects. Control rats showed intact object recognition 403 memory by preferentially exploring the novel object; however, HFHS rats explored the 404 familiar and novel objects equally, indicating impaired object recognition (object x diet 405 group, F(1,14)=50.7, P<0.001; control F(1,14) =120.5, P<0.001, HFHS F<1, Fig 2H) . 
Diet effects on PFC and hippocampal mRNA expression 425
To determine the whether short, intermittent periods of exposure to HFHS diet 426 changed transcript expression within two brain regions associated with social behaviour, we 427 quantified mRNA expression of genes related neuroplasticity, dopamine and monoamine 428 signalling and inflammation (Table 1) . We found the majority of transcript changes occurred 429 in the prefrontal cortex. Consumption of the HFHS diet correlated with reduced expression of 430 genes encoding enzymes involved in monoamine degradation, Comt and Maoa. The HFHS 431 diet fed rats had reduced Maoa expression in the PFC (F(1,13 
Microbiota composition and analysis 442
The relative abundance of a number of specific taxa differed significantly between the 443 two diet groups as shown by DESEq2 analysis (Fig 3A, Supplementary Table 3 the first component explained 22% of variance; the second component 11% (Fig 3B) . Partial 453 least squares discriminant analysis (PLS-DA) identified the two components that discriminate 454 maximally between the HFHS and control diet groups, showing a large proportion of 455 variance accounted for by the first component (21%) and a lesser degree by the second (8%), 456 this demonstrated significant separation of the microbiota community structure between the 457 groups ( Fig 3C) . Alpha diversity did not differ between the HFHS and control groups 458 measured by observed species, Chao 1, Shannon or Simpson indices (see Fig 3D; Fs<1) . and b) however these associations did not persist in multivariate linear modelling (overall 506 model F(1,12)=2.1, P=0.17). There were no significant associations between hippocampal 507 gene expression and body weight (F(1,13)<1). WAT weight predicted Il6 expression in the 508 hippocampus (F(1,13)=4.86, P=0.05). 509
Associations between hippocampal and PFC genes differentially expressed in control 510
and HFHS groups (see Table 1 , Figure 4 ) and behavioural performance were examined. No 511 predictive relationships were observed between PFC Bdnf, Comt or Maoa expression and 512 social interaction pre diet consumption, social memory or novel object recognition (P=0.17; 513 516
Associations between gut microbiota composition and social behaviour 517
Scores on pre-diet social behaviour, social recognition memory and novel object 518 recognition tasks respectively were all significantly associated with the relative abundance of 519 a number of bacterial taxa (all associations where q<0.05 presented in Table 2 ). 520
Social memory performance was associated with a large number of taxa. Higher social 521 memory scores were associated with a greater abundance of bacteria from the 522
Bifidobacteriales and Bacteroidales order, Lachnospiraceae family (Blautia and multiple 523 unspecified genera), Ruminococcaceae family and genus Allobaculum. Novel object 524 recognition was negatively associated with abundance of Bacteroidales and a number of taxa 525 from the Lachnospiraceae family. Only three taxa were significantly associated with social 526 behaviour pre HFHS diet: a relative reduction of Bifidobacteriales order and two unspecified 527 genera from the Lachnospiraceae family. 528 529 ----- Table 2 here -----530 531 3.10.
Firmicutes to Bacteroidetes ratio 532 There were no significant differences between the diet groups on Firmicutes to 533
Bacteroidetes ratio (FB ratio; t(9.63)=-1.03, P=0.33). Samples were pooled for subsequent 534 FB ratio analyses, with diet group included to control for potential interaction effects. 535
Multivariate linear modelling demonstrated a significant relationship between FB ratio and 536 the three behavioural dependent variables: social memory, novel object recognition and pre-537 diet social interaction (F(3,11)=5.26, P=0.02). Post-hoc tests demonstrated strong evidence 538 that FB ratio negatively predicted "pre" diet social behaviour (F(2,13)=11.46, P=0.001), but 539 not object or social recognition memory. 541
Associations between gut microbiota and hippocampal / PFC gene expression 542
The hippocampal and PFC genes found to differ in expression between the control 543 and HFHS diet groups (PFC: Bdnf, Maoa, Comt; hippocampus: Maoa, Ps<0.05) were tested 544 for their associations with differential abundance of bacterial taxa. Of these, significantly 545 differentially abundant taxa (q<0.05) were apparent only for Maoa (Table 3) ----- Table 3 here -----550
Discussion 551
Here we show that daily limited consumption of a HFHS diet leads to alterations in 552 social interaction and social memory in young rats, and impaired novel object recognition 553 memory. Previous studies have shown that high-energy diets rapidly cause hippocampal-554 dependent memory deficits (Kanoski et al., 2007) , but none have examined the impact of 555 intermittent HFHS diets on social behaviours in rats. This is the first demonstration to 556 associate diet-induced alterations to social behaviour with microbiota and brain changes in 557 reward neurotransmission and neuroplasticity. 558 559 Intermittent access to a HFHS diet influenced the presentation of normal social 560 behaviours, including social interaction and preference for social novelty. Consumption of a 561 HFHS diet for 2h/day reduced duration engaged in social interaction prior to diet availability, 562 but not following diet consumption. This indicates that when rats expected to receive the 563 neurotransmission, or increased anxiety. Thus, limited access to a HFHS diet may influence 566 social interaction, as comparable interaction durations were observed following access to the 567 HFHS food. Moreover, social interaction frequency was increased after rats had access to the 568 HFHS food, suggesting that following consumption of HFHS diet these rats may find 569 interaction more rewarding, or may have reduced anxiety. Social play is important for 570 neurobehavioural development; however, we did not observe differences in frequencies 571 between diet groups. This may be due to the group housing conditions and short period of 572 isolation used prior to behavioural testing; as a recent study reported that isolation amplified 573 social play behaviour (Carvalho et al., 2016) . Another possible explanation is that social play 574 declines across adolescence, and that the apparent lack of social play differences was due to 575 the rats age at testing (mid-late adolescence) (Trezza et al., 2010) . Further studies should be 576 conducted to examine whether diet manipulations specifically during adolescence endure into 577 adulthood to identify whether adolescence poses as a critical window of vulnerability to 578 social behavioural changes. 579 580 Social recognition memory differed between control and HFHS rats, with HFHS rats 581 showing no observed preference for the chamber containing the novel rat during the test 582 phase, indicative of impaired social memory. This complements a recent study showing that 583 an acute exposure to high fat diet in juvenile rats impaired social memory (Yaseen et al., 584 2018) . As rats showed differences in their duration of time engaged in social interaction prior 585 to consuming the HFHS food, the social memory testing was conducted following HFHS 586 access, to ensure that any memory deficits observed were not due to reduced social contact in 587 the HFHS diet rats. Initial sociability during the sample phase did not differ between HFHS 588 and control diet rats, thus it appears that social memory was impacted specifically by diet. neurotransmission and neuroplasticity may underpin social changes. This is also 592 complemented by impaired long term novel object recognition, again indicative of 593 hippocampal dysfunction (Warburton and Brown, 2010) . Moreover, both HFHS and control 594 diet rats showed preference for a social odour and showed intact odour recognition memory. 595
Thus, intermittent HFHS diet did not impact olfactory discrimination, and highlights that 596 social memory deficits are unlikely to be underpinned by impaired odour discrimination. 597 598 Diet-correlated alterations to mRNA expression of enzymes Maoa and Comt, were 599 observed in the PFC, indicating that HFHS diet consumption impacts on monoamine 600 neurotransmission integral for social behaviour and cognition. Dopamine is a critical 601 neurotransmitter in the regulation of food intake; in particular dopamine activity in the 602 mesocorticolimbic dopamine circuitry is associated with food reward (Volkow et al., 2011) . 603
Maoa, the gene for monoamine oxidase, deaminates dopamine and has a key role in 604 controlling the availability of cortical dopamine. Similarly, Comt is involved in the 605 degradation of dopamine. Changes to monoamine signalling may therefore underpin the 606 altered social behaviour and social memory observed in HFHS diet rats, supported by reports 607 of diet-induced alterations to dopamine receptor expression in the striatum (Johnson and 608 Kenny, 2010). However, we observed no dopamine receptor (Drd1a/Drd2) expression 609 changes in the hippocampus or PFC, suggesting that these receptor mRNA changes may be 610 specific to striatal regions following palatable high sugar diets (Naneix et al., 2018; Naneix et 611 al., 2017) . Further studies should examine whether other reward associated genes, such as 612 serotonin and mu-opioid receptors are altered by this diet protocol, and also the involvement 613 of oxytocin signalling mechanisms (Yaseen et al., 2018) . and alter microbiota composition. Modulation of the microbiota may lead to the emergence 691 of novel therapies to combat social, emotional and cognitive deficits, which have been linked 692 with metabolic disorders, and for the treatment of neuropsychiatric disorders. 693 694
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